Group I metabotropic glutamate receptors (mGluRs) play important roles in various neuronal processes and elicit changes in synaptic efficacy through AMPA receptor (AMPAR) endocytosis. Trafficking of mGluRs plays an important role in controlling the precise localization of these receptors at specific region of the cell; it also regulates the activity of these receptors. Despite this obvious significance, we know very little about the cellular mechanisms that control the trafficking of group I mGluRs. We show here that ligand-mediated internalization of group I mGluRs is ubiquitination-dependent. A lysine residue (Lys 1112 ) at the C-terminal tail of mGluR1 (a member of the group I mGluR family) plays crucial role in this process. Our data suggest that Lys 63 -linked polyubiquitination is involved in the ligand-mediated endocytosis of mGluR1. We also show here that the mGluR1 internalization is dependent on a specific E3 ubiquitin ligase, Siah-1A. Furthermore, acute knockdown of Siah-1A enhances the mGluR-mediated AMPAR endocytosis. These studies reveal a novel function of ubiquitination in the regulation of group I mGluRs, as well as its role in mGluR-dependent AMPAR endocytosis.
Glutamate is a major excitatory neurotransmitter in the mammalian brain, and it functions by activating two distinct types of receptors, viz. ionotropic and metabotropic glutamate receptors (1) (2) (3) . Ionotropic receptors are ion channels that allow cations to go through them. There are three types of ionotropic glutamate receptors present in the brain, viz. NMDA, AMPA, and kainate receptors. On the other hand, metabotropic glutamate receptors (mGluRs) 2 are members of the G protein-coupled receptor (GPCR) superfamily (2, 3) . Group I mGluRs (mGluR1 and mGluR5) are predominantly localized at the membrane of the post-synaptic cells and regulate variety of physiological functions through positive coupling with G q/11 (4 -7) . These receptors have been implicated in various forms of synaptic plasticity, including learning and memory, as well as in various neuropsychiatric disorders like fragile X syndrome, autism, etc. (8 -13) . As with many other GPCRs, uncoupling of group I mGluRs from the heterotrimeric G proteins represents an essential feedback mechanism to protect the cells from receptor overstimulation (2, 14) . Subsequent to desensitization, these receptors undergo internalization, and internalized receptors recycle back to the surface through a protein phosphatase-dependent manner that could serve as a mechanism to resensitize the receptor (15, 16) . Although trafficking of mGluRs plays a critical role in the regulation of the receptor activity and thus in turn regulates physiological functions carried out by those receptors, the molecular mechanisms underlying these processes are not fully understood.
Ubiquitination, originally identified as a process for protein degradation by the 26yS proteasome, also regulates the internalization of several plasma membrane proteins. Ubiquitin (Ub) is a 76-amino acid protein, which is recognized by Ubbinding domains, found in proteins of the endocytic sorting machinery (17) . Ubiquitination of proteins involves sequential action of three enzymes: ubiquitin activating enzyme (E1), ubiquitin carrying enzyme (E2), and ubiquitin protein ligase (E3) (18) . As stated before, the trafficking of some GPCRs is ubiquitin-dependent. For example, ubiquitination regulates internalization of the yeast Ste2 and Ste3 receptors. Studies indicate that monoubiquitination is both necessary and sufficient for constitutive and agonist-induced internalization of Ste2 and Ste3 receptors (19, 20) . In contrast, multiple studies have suggested that for many mammalian GPCRs, ubiquitination does not play a direct role in the internalization of the receptor, but it functions indirectly (21, 22) . One report has suggested that ubiquitination somehow regulates the mGluRdependent synaptic plasticity in the hippocampus (23) . However, the role of ubiquitination in the regulation of group I mGluRs and its physiological significance have not been investigated in detail.
We show here that the internalization of both mGluR1 and mGluR5 critically depends on the process of ubiquitination. Inhibition of the E1 activating enzyme by a pharmacological inhibitor, PYR-41, resulted in the inhibition of the ligand-mediated endocytosis of group I mGluRs. Our data also suggest that Lys 63 -linked polyubiquitination is involved in the internalization of these receptors. Importantly, the lysine residue at the 1112 position of the C-terminal tail of mGluR1 seems to be critical for the endocytosis of the receptor. Mutation of Lys 1112 to arginine resulted in the inhibition of the internalization of mGluR1. We further show here that the E3 ubiquitin ligase, Siah-1A, is involved in this process. Acute knockdown of this ligase resulted in the complete inhibition of ligand-mediated internalization of mGluR1. Finally, cells in which endogenous Siah-1A was knocked down showed enhanced mGluRmediated AMPA receptor (AMPAR) endocytosis compared with control cells. These results suggest that ubiquitination plays a critical role in the trafficking of group I mGluRs, and there exists an ubiquitin-independent mGluR-mediated AMPAR endocytosis pathway that limits a step in the multistep process leading from mGluR activation to AMPAR endocytosis.
Results
Ubiquitination Is Essential for the Endocytosis of Group I mGluRs-To investigate whether protein ubiquitination is required for the internalization of group I mGluRs, we used PYR-41/4[4-(5-nitro-furan-2-ylmethylene)-3,5-dioxo-pyrazolidin-1-yl]-benzoic acid ethyl ester. PYR-41 is a cell-permeable compound that has been demonstrated to irreversibly inhibit the E1-activating enzyme of the ubiquitin cascade inhibiting the E1-ubiquitin thioester bond formation (24) . We have used 50 M PYR-41 in all our assays because at this concentration PYR-41 has been reported to inhibit the formation of E1-ubiquitin thioester bonds by 95%; it also robustly inhibits several ubiquitin-dependent intracellular processes (24 -27) . Initially we studied the role of ubiquitination, if any, in the endocytosis of mGluR1 and mGluR5 in HEK293 cells. Live HEK293 cells expressing myc-mGluR1 were pretreated with 50 M PYR-41 for 30 min at 37°C and were stained with anti-myc primary antibody following that. Subsequent application of 100 M R,S-DHPG led to the internalization of myc-mGluR1 at 30 min in PYR-41 untreated cells, whereas PYR-41-treated cells did not show significant internalized receptors on R,S-DHPG application, and most of the receptors were observed to be localized at the cell surface (control, 1 Ϯ 0.1; DHPG, 2.15 Ϯ 0.12; DHPG ϩ PYR-41, 1.2 Ϯ 0.09) ( Fig. 1, A and B) . Furthermore, although application of R,S-DHPG led to an increase in the ubiquitination of mGluR1 in wild type cells, the presence of PYR-41 inhibited the R,S-DHPG-mediated increase in the ubiquitination of the receptor (Fig. 1C ). PYR-41 inhibited the R,S-DHPG-mediated internalization of another member of the group I mGluR family, and myc-mGluR5 as well in HEK293 cells (control, 1 Ϯ 0.06; DHPG, 1.94 Ϯ 0.09; DHPG ϩ PYR-41, 1 Ϯ 0.04) ( Fig. 1, D and E) . We next investigated the effect of ubiquitination on group I mGluR internalization in primary hippocampal neurons. myc-mGluR1 expressing live primary hippocampal neurons were first labeled with anti-myc primary antibody followed by the application of 100 M R,S-DHPG, which led to the internalization of the receptor in PYR-41-untreated cells (control, 1 Ϯ 0.07; DHPG, 1.78 Ϯ 0.18) (Fig. 2, A and B) . Application of 50 M PYR-41 resulted in the complete inhibition of R,S-DHPG-mediated myc-mGluR1 endocytosis (DHPG ϩ PYR-41, 0.9 Ϯ 0.07). We obtained similar results when we investigated the effect of PYR-41 in the internalization of myc-mGluR5. The receptor internalized in PYR-41-untreated cells, whereas PYR-41-treated hippocampal neurons showed complete inhibition of R,S-DHPG-mediated myc-mGluR5 endocytosis (control, 1 Ϯ 0.09; DHPG, 1.66 Ϯ 0.08; DHPG ϩ PYR-41, 1 Ϯ 0.08) ( Fig.  2 , C and D). These results suggest that ubiquitination is critical for the internalization of both members of group I mGluRs, viz. mGluR1 and mGluR5. Because trafficking of both mGluR1 and mGluR5 were equally affected by PYR-41, we concentrated on mGluR1 for rest of the study.
Endocytosis of mGluR1 Is Lys 63 -linked Polyubiquitination-dependent-Ubiquitin can be attached to proteins as a single unit on one or multiple lysine residues, yielding monoubiquitinated and multimonoubiquitinated proteins, respectively (28, 29) . Ubiquitin contains seven Lys residues and an N-terminal Met (Met 1 ) that can serve as acceptor sites for additional ubiquitin molecules generating polyubiquitinated proteins (28 -30) . Thus, ubiquitin chains can also be connected through seven lysine residues present in ubiquitin. However, the most common polyubiquitin chains are formed through linkages at Lys 48 and Lys 63 . Extensive studies on Lys 48 -linked and Lys 63linked chains established essential roles in proteasomal degradation for Lys 48 and in cell signaling for Lys 63 -linked chains (31, 32) . It has been reported that in the case of some GPCRs, ubiquitination plays a critical role in the internalization of those receptors (19, 20, 33) . To investigate what type of ubiquitination leads to the internalization of mGluR1, we used various ubiquitin mutants, viz. K0Ub, K48RUb and K63RUb. All the lysines in K0Ub construct have been mutated to arginine, overexpression of which will result in only monoubiquitination and multimonoubiquitination of proteins. In K48RUb construct changing the lysine residue to arginine in position 48 of ubiquitin conserves the positive charge of the lysine but eliminates the ⑀-amino group that is required for Lys 48 -linked ubiquitin conjugation. Similarly in K63RUb, changing the lysine residue to arginine at 63 position of ubiquitin eliminates the Lys 63linked conjugations (Fig. 3A ). Overexpression of these three mutants of ubiquitin in HEK293 cells did not have any effect on the surface expression of myc-mGluR1 (control, 1 Ϯ 0.04; K0Ub, 1.05 Ϯ 0.09; K48RUb, 1 Ϯ 0.11; K63RUb, 1.05 Ϯ 0.08) ( Fig. 3 , B and C). We next investigated the effect of overexpression of these constructs on the DHPG-mediated internalization of mGluR1. Although the wild type cells showed normal endocytosis of myc-mGluR1 on 100 M R,S-DHPG application, cells overexpressing K0Ub did not show any significant endocytosis of the receptor (control, 1 Ϯ 0.06; DHPG, 1.75 Ϯ 0.09; K0Ub, DHPG: 0.93 Ϯ 0.07) ( Fig. 3, D and E) . These results suggest that monoubiquitination or multimonoubiquitination is not sufficient for the ligand-mediated endocytosis of mGluR1. We therefore investigated the role of polyubiquitination, if any, in the internalization of the receptor. As stated before, a polyubiquitin chain linked through Lys 48 of ubiquitin is the type of mod- ification most commonly used for recognition and degradation by the proteasome. To determine whether polyubiquitin chains formation through Lys 48 is required for ubiquitin to serve as an internalization signal of the receptor, we studied the internalization of the receptor in cells overexpressing K48RUb. Overexpression of K48RUb had no effect on the internalization of myc-mGluR1 in HEK293 cells (K48Rub, DHPG, 1.77 Ϯ 0.15). The receptor internalized with almost similar extent on R,S-DHPG application in control cells as well in cells overexpressing K48RUb. In addition to Lys 48 , ubiquitin carries six other lysines in its sequence, and alternate types of polyubiquitin chains have been shown to form through Lys 63 . We therefore investigated the role of Lys 63 -linked ubiquitination, if any, on the internalization of mGluR1 by overexpressing K63RUb in HEK293 cells. Importantly, overexpression of K63RUb completely inhibited the R,S-DHPG-mediated endocytosis of myc-mGluR1 (K63RUb, DHPG, 1.1 Ϯ 0.07). Furthermore, overexpressed K63RUb got incorporated in mGluR1 on 100 M R,S-DHPG application (Fig. 3F) . These results suggest that mGluR1 undergoes endocytosis subsequent to R,S-DHPG application through the Lys 63 residue of ubiquitin-dependent polyubiquitination chain formation.
The C-terminal Lysine Residue of mGluR1 Plays a Critical
Role in the Endocytosis of the Receptor-To define the importance of the post-translational modification of lysine residues with ubiquitin in the regulation of mGluR1 trafficking, we made various mGluR1 constructs having the lysine residues mutated to arginines. The mGluR1 C-terminal tail contains 16 lysine residues. We targeted the last three lysine residues at the extreme C-terminal tail of the receptor. As expected, the wild type myc-mGluR1 internalized on 100 M R,S-DHPG application in HEK293 cells (WT, control, 1 Ϯ 0.06; DHPG, 1.86 Ϯ 0.08) ( Fig. 4, A and B) . However, myc-mGluR1 1K/R showed little decrease in the R,S-DHPG-mediated endocytosis, which decreased even further when the last two lysine residues of mGluR1 were mutated to arginines (myc-mGluR1 2K/R) (1K/R, control, 1 Ϯ 0.1; DHPG, 1.67 Ϯ 0.09; 2K/R, control: 1 Ϯ 0.05; DHPG, 1.3 Ϯ 0.07). Importantly, the third mutant, myc-mGluR1 3K/R, did not internalize at all on application of 100 M R,S-DHPG (3K/R, control, 1 Ϯ 0.07; DHPG, 1.02 Ϯ 0.07). In this construct, the last three lysine residues of mGluR1 were mutated to arginines. Fig. 4C depicts the mutant receptors used in these experiments and the positions of the mutations in the cytoplasmic tail of the receptor. Because mutation of the 1112 lysine residue of the receptor to arginine in myc-mGluR1 3K/R mutant completely abolished the R,S-DHPG-mediated endocytosis of mGluR1, we asked whether mutation of this residue alone could affect the endocytosis of mGluR1. Indeed, mutation of Lys 1112 to Arg alone in myc-mGluR1 completely blocked the 100 M R,S-DHPG-induced endocytosis of the receptor in HEK293 cells (WT, control, 1 Ϯ 0.09; DHPG, 1.83 Ϯ 0.12; K1112R, control: 1 Ϯ 0.09; DHPG, 0.84 Ϯ 0.08) (Fig. 4, D and E) .
The role of Lys 1112 residue of mGluR1 on the endocytosis of the receptor in primary hippocampal neurons was subsequently investigated. Mutating the Lys 1112 residue to arginine did not affect the surface localization of the receptor at the dendrites of the hippocampal neurons (WT, 1 Ϯ 0.06; K1112R, 0.95 Ϯ 0.06) (Fig. 5, A and B) . However, similar to in HEK293 cells, the K1112R myc-mGluR1 did not internalize on application of 100 M R,S-DHPG, whereas the wild type myc-mGluR1 showed normal endocytosis on application of the ligand in hippocampal neurons (WT, control, 1 Ϯ 0.07; DHPG, 1.78 Ϯ 0.18; K1112R, control, 1 Ϯ 0.03; DHPG, 0.87 Ϯ 0.06) ( Fig. 5, C and D) . These results suggest that the 1112 lysine residue at the C-terminal tail of mGluR1 is critical for the endocytosis of the receptor.
Agonist-mediated Endocytosis of mGluR1 Is Siah-1Adependent-Drosophila Sina (seven in absentia) and its mammalian homolog Siah (seven in absentia homolog) are members of the E3 ubiquitin ligase family (34) . In mice, there are three Siah proteins: Siah-1A, Siah-1B, and Siah-2 (34) . Siah-1A has been demonstrated to bind to the C-terminal domain of group I mGluRs and modulates group I mGluR-mediated signaling (35) (36) (37) . It has also been reported that Siah-1A mediates ubiquitination of group I mGluRs. We therefore investigated the role of Siah-1A, if any, in the internalization of mGluR1. Primary hippocampal neurons were co-transfected with myc-mGluR1 cDNA and siRNA against endogenous Siah-1A (ON-TARGET plus) or scrambled siRNA (si-control) at 8 -9 days in vitro, and experiments were performed when the cells were at 12-13 days in vitro according to the method described under "Experimental Procedures." Knockdown of endogenous Siah-1A was checked by Western blotting analyses. Our data suggested that the siRNA efficiently knocked down the endogenous Siah-1A, whereas the si-control did not show any significant knockdown (Fig. 6A ). Acute knockdown of endogenous Siah-1A did not affect the surface expression of myc-mGluR1 in primary hippocampal neurons (control, 1 Ϯ 0.05; si-Siah-1A, 1.1 Ϯ 0.07; si-control, 0.94 Ϯ 0.11) (Fig. 6, B and C) . Importantly, knockdown of endogenous Siah-1A resulted in the complete inhibition of the R,S-DHPG-mediated internalization of myc-mGluR1. The receptor internalized normally upon application of 100 M R,S-DHPG in control cells as well as in si-control transfected cells (control, 1 Ϯ 0.05; control ϩ DHPG, 1.72 Ϯ 0.09; si-Siah-1A ϩ DHPG, 1.1 Ϯ 0.06; si-control ϩ DHPG, 1.84 Ϯ 0.15) ( Fig. 6, D and E) . Furthermore, knockdown of Siah-1A led to the inhibition of R,S-DHPG-mediated increase in the ubiquitination of the receptor. On the other hand, 100 M R,S-DHPG application resulted in an increase in the ubiquitination of the receptor in both wild type cells and si-control treated cells (Fig. 6F) . These results suggest that Siah-1A plays an important role in the ligand-mediated endocytosis of mGluR1.
Inhibition of Ubiquitination Results in the Enhanced mGluRmediated AMPAR Endocytosis-Rapid endocytosis of surface AMPARs can be triggered in cultured hippocampal neurons by application of various glutamate receptor agonists, including glutamate itself, NMDA, AMPA, and group I mGluR agonists (23, 38 -40) . mGluR-mediated AMPAR endocytosis is believed to be the cellular correlate for the mGluR-dependent synaptic plasticity (8, (41) (42) (43) . Because the goal of this study was to elucidate the role of ubiquitination in group I mGluR trafficking and whether it in turn affects the mGluR-dependent synaptic AMPAR endocytosis, it was important to first establish that group I mGluR activation did in fact lead to the loss of synaptic AMPARs under our experimental conditions. To address A, mutating the lysine 1112 residue at the C-terminal tail of mGluR1 to arginine had no effect on the surface expression of the receptor in the primary hippocampal neurons as shown in representative images. B, quantitation also suggested that both wild type and K1112R myc-mGluR1 manifested similar level of expression at the cell surface. C, representative images showing that although wild type myc-mGluR1 internalized normally on R,S-DHPG application, K1112R myc-mGluR1 did not internalize on ligand application. D, quantitation also suggested that mutation of Lys 1112 to Arg in mGluR1 resulted in the complete blocking of the DHPG-mediated internalization of the receptor. All the results are represented as means Ϯ S.E., collected from three independent experiments. Scale bar, 10 m. ***, p Ͻ 0.001; n.s, p Ͼ 0.05.
whether mGluR activation using our protocol results in the endocytosis of synaptic AMPARs, we quantified the proportion of synapses containing detectable levels of surface AMPARs by staining for surface GluA1 containing clusters and counterstaining for Bassoon, a core component of the active zone that is commonly used to identify presynaptic terminals (44) . Application of R,S-DHPG (100 M for 5 min) in the presence of both AMPAR and NMDAR antagonists (20 M 6,7-dinitroquinoxaline-2,3-dione and 50 M 2-amino-5-phosphonopentanoic acid, respectively) substantially reduced the proportion of sur- face GluA1 puncta that co-localized with Bassoon puncta (control, 79.15 Ϯ 2.1%; DHPG, 36.61 Ϯ 2.6%; number of puncta per condition, 1000 -1100) (Fig. 7, A and B) . These results confirm that in our assays brief application of R,S-DHPG caused the internalization of synaptic AMPARs. To examine whether ubiquitination affects the mGluR-mediated AMPAR endocytosis, we acutely knocked down endogenous Siah-1A in primary hippocampal neurons. Siah-1A acute knockdown did not have any effect on the surface expression of GluA1 containing receptors (control, 1 Ϯ 0.06; si-Siah-1A, 1.08 Ϯ 0.05; si-control, 1.05 Ϯ 0.04) (Fig. 7, C and D) . On the other hand knockdown of endogenous Siah-1A caused an enhancement of the dendritic AMPAR endocytosis triggered by the application of R,S-DHPG (100 M) compared with control cells. The si-control had no effect on the mGluR-mediated AMPAR endocytosis (control, 1 Ϯ 0.05; control ϩ DHPG, 1.62 Ϯ 0.09; si-Siah-1A ϩ DHPG, 2.08 Ϯ 0.12; si-control ϩ DHPG, 1.53 Ϯ 0.1) (Fig. 7, E and F) . It has been reported that activation of group I mGluRs does not increase the ubiquitination of AMPA receptors (45) . Altogether these results not only suggest the existence of an ubiquitin-independent mGluR-mediated AMPAR endocytosis pathway, they also imply that the ubiquitin system limits a step in the multistep process leading from mGluR activation to AMPAR endocytosis.
Discussion
In this study we have defined a novel role for ubiquitination in the ligand-mediated internalization of group I mGluRs. We demonstrate that application of the ligand leads to the increase in ubiquitination of mGluR1. Importantly, the finding that pharmacologically blocking the ubiquitination of mGluR1 using the drug PYR-41 resulted in the inhibition of ligand-mediated internalization of the receptor suggests that ubiquitination plays crucial role in the trafficking of group I mGluRs. The above results were further strengthened by the observation that mutation of a lysine residue at the C terminus of mGluR1, viz. Lys 1112 to arginine completely inhibited the DHPG-mediated internalization of the receptor. Our data also suggest that Lys 63linked polyubiquitination is involved in the endocytosis of mGluR1. The attachment of Lys 63 -linked ubiquitin chains facilitates the endocytosis of many integral membrane proteins (46) . How Lys 63 -linked polyubiquitination chain formation leads to the endocytosis of mGluR1 and what role the Lys 1112 residue plays in this process would be important to investigate in future. Another important issue that needs to be discussed is the fate of the receptor subsequent to internalization. Our earlier studies have suggested that subsequent to ligand-mediated internalization, group I mGluRs recycle back to the cell surface (15, 16) . This implies that ubiquitination of mGluR1 must be a highly dynamic and reversible process. Subsequent to internalization the receptor probably gets deubiquitinated and recycles back to the cell surface. The verification of the above hypotheses, the identity of the deubiquitinase(s), and the specific location where this deubiquitination takes place would be other important areas to study.
Interestingly, we find that a specific E3 ubiquitin ligase Siah-1A that was reported to interact with the group I mGluRs plays a critical role in the ligand-dependent internalization of mGluR1. According to our results, acute knockdown of endogenous Siah-1A leads to the complete inhibition of mGluR1 internalization. E3 ubiquitin ligases consist of diverse members of the protein family, and each recognizes a specific protein substrate to perform specific functions (47) . It therefore is important to identify an ubiquitin ligase specific for a key receptor molecule and assign its specific role in regulating its substrate. In this investigation, Siah-1A is revealed to act as an ubiquitin ligase involved in the ligand-mediated internalization of mGluR1. In addition, we have also shown in this study that acute knockdown of Siah-1A resulted in the increased mGluRmediated AMPAR endocytosis. It has been reported earlier in one study that blocking of ubiquitin system by pharmacological inhibitor UBEI-41/PYR-41 results in the enhanced mGluR-mediated AMPAR endocytosis, as well as mGluR-LTD in hippocampal cells (23) . It must be stated that PYR-41 being a drug might have some other effect in addition to the inhibition of E1-activating enzyme. For example, in addition to blocking E1-activating enzyme, PYR-41 has been demonstrated to increase protein SUMOylation (24) . Thus, it was important to check for the effect of blocking of ubiquitination in mGluRmediated AMPAR endocytosis by specifically inhibiting the ubiquitination process. That is why we checked for the effect of acute knockdown of endogenous Siah-1A on the mGluR-mediated AMPAR endocytosis in primary hippocampal neurons. The finding that mGluR-mediated AMPAR internalization was increased by acute knockdown of Siah-1A suggests that ubiquitination may function as a negative feedback to inhibit the activity of group I mGluRs. As stated before, it has been reported that activation of group I mGluRs does not increase the ubiquitination of AMPA receptors (45) . Thus, our data also suggest that a ubiquitin-independent mGluR-mediated AMPAR endocytic pathway probably exists.
Our data presented here suggest that ubiquitination plays a critical role in the regulation of group I mGluRs, which in turn regulates the mGluR-dependent AMPAR endocytosis, the cellular correlate for mGluR-dependent synaptic plasticity in hippocampal cells. Inappropriate signaling of group I mGluRs has been suggested to be involved in the pathophysiology of multiple cognitive disorders such as fragile X syndrome, autism, etc. (41) . Thus, our results raise the possibility that impairment of the ubiquitin system, as observed in several other brain disor-ders (48) , could contribute to these disorders by reducing negative feedback regulation of group I mGluRs. Therefore further study of the regulation of group I mGluRs by ubiquitin system would be of paramount importance in the near future.
Experimental Procedures
Materials-The myc-mGluR1 and myc-mGluR5 constructs were obtained from Kathrine Roche (National Institute of Health). In these constructs the myc epitope was tagged at the N terminus of the full-length mGluR1 and mGluR5. The FLAG-mGluR1 construct was a generous gift from Johanna Montgomery (University of Auckland, Auckland, New Zealand). All the HA-tagged ubiquitin constructs were kind gifts from Maddika Subba Reddy (Centre for DNA Fingerprinting and Diagnostics, India). HEK293 cells were obtained from the National Centre For Cell Science (Pune, India). Primary hippocampal neurons were obtained from Panacea Biotech (New Delhi, India). Cell culture reagents and Alexa 568-labeled transferrin were purchased from Invitrogen. 5-fluorodeoxyuridine (floxuridine), paraformaldehyde (PFA), poly-D-lysine, and Fluoromount TM aqueous mounting medium were purchased from Sigma. R,S-DHPG and PYR-41 were purchased from Tocris. Fine chemicals were obtained from Life Technologies and Merck. The primary antibodies were purchased from following companies: anti-myc antibody from Abcam, anti-FLAG antibody from Sigma, anti-bassoon antibody from Stressgen, anti-HA antibody from Roche, anti-Siah-1A antibody and anti-␤-actin antibody from Santa Cruz Biotechnology, and anti-GluA1 antibody from Calbiochem. All secondary antibodies were purchased from Invitrogen.
Dissociated Hippocampal Neuron Cultures-Primary hippocampal neuron cultures were prepared from P0 C57BL/6 mouse pups as described previously with minor changes (15) . Briefly, hippocampi were obtained from P0 mouse pups, and subsequently, tissue was dissociated by papain treatment. The cells were then plated on poly-D-lysine in sodium borate-coated coverslips at a density of ϳ100,000 cells/12-mm well in a 24-well plate. Cultures were maintained in Neurobasal medium with 0.5 mM glutamine and B27 supplement. Glial growth was inhibited by adding 5-fluorodeoxyuridine (floxuridine) on day 3 of culture.
HEK293 Cell Culture and Transfection-HEK293 cells were cultured in DMEM supplemented with 10% FBS, antibioticantimycotic mix at 37°C and 5% CO 2 . The cells were transfected on 12-mm coverslips coated with 50 g/ml poly-D-lysine by mixing a total 2 g of DNA with 10 g of Lipofectamine 2000 in 1 ml of OptiMEM. All the experiments in HEK293 cells were done 24 h post-transfection.
Transfection in Primary Hippocampal Neurons and Knockdown Experiments-Primary hippocampal neurons were transfected with mGluR1 or mGluR5 constructs at 8 -9 days in vitro using calcium phosphate, and all the experiments were performed when the cells were at 12-14 days in vitro. For knockdown experiments, ON-TARGET plus SMARTpool siRNA against Siah-1A and scrambled siRNA (ThermoScientific Dharmacon) were either transfected alone (for AMPAR endocytosis experiments) or co-transfected with myc-mGluR1 cDNA (for mGluR1 endocytosis experiments) in primary hip-pocampal neurons at 8 -9 days in vitro using Lipofectamine 2000 following the manufacturer's instructions, and experiments were carried out in cells at 12-14 days in vitro.
mGluR and AMPAR Endocytosis Assay-HEK293 cells or primary hippocampal neurons were transfected with either myc-mGluR1 (wild type or various mutants) or myc-mGluR5 cDNA as described above. Live cells were incubated with mouse anti-myc primary antibody (1:500 for HEK293 cells and 1:200 for primary hippocampal neurons) for 15 min at 37°C. The cells were then washed, and 100 M R,S-DHPG was applied for indicated times or for 5 min. The cells were then incubated at 37°C for various times in plain DMEM/Neurobasal medium in the absence of the ligand. Subsequently, the cells were fixed without permeabilization using ice-cold 4% PFA for 15 min on ice. Surface localized receptors were labeled with saturating concentration of goat anti-mouse Alexa 568-conjugated secondary antibody (1:100) for 1 h at 37°C. The cells were then permeabilized with 0.1% Triton X-100 for 30 min in room temperature. The endocytosed receptors were then labeled by the application of goat anti-mouse Alexa 647-conjugated secondary antibody (1:750) for 1 h at 37°C. The coverslips were then mounted on glass slides and imaged under the confocal microscope. For experiments involving PYR-41, the cells were pretreated with PYR-41 (50 M) for 30 min before the application of the primary antibody, and the endocytosis assay was done identically as described above. PYR-41 was present throughout the experiment. The effect of knockdown of the endogenous Siah-1A on the internalization of mGluR1 in primary hippocampal neurons was investigated by co-transfection of cells with myc-mGluR1 and si-Siah-1A. For all experiments two coverslips were used for each condition, and all experiments were repeated at least three times. To ensure that the Alexa 647-conjugated secondary antibody did not label any detectable surface receptors in our assays, we performed control experiments to determine the saturating concentration of the first secondary antibody similar to that we have described in our earlier studies (15, 16, 38, 49) .
To assay mGluR-mediated AMPAR endocytosis surface, GluA1 containing AMPARs were labeled in live neurons by 15 min of incubation at 37°C with a rabbit polyclonal antibody directed against the N terminus of the GluA1 subunit (1:20) . After washing, the cells were treated with appropriate mixtures of antagonists (1 M tetrodotoxin, 20 M 6,7-dinitroquinoxaline-2,3-dione, and 50 M 2-amino-5-phosphonopentanoic acid) for 5 min. Subsequently, 100 M R,S-DHPG was applied for 5 min. The agonist was then washed out, and the cells were further incubated in the presence of antagonists for a total of 15 min at 37°C. The cells were next fixed in 4% PFA for 15 min on ice without permeabilization, and surface receptors were visualized by using saturating amount of goat anti-rabbit Alexa 568conjugated secondary antibody (1:100) followed by permeabilization of cells with 0.1% Triton X-100 for 30 min at room temperature and staining of internalized receptors with goat anti-rabbit Alexa 647-conjugated secondary antibody (1:750). Again, to make sure that the Alexa 647-conjugated secondary antibody did not label any detectable surface receptors in our assays, we determine the saturating concentration of the first secondary antibody through a control experiment similar to that we have described in our earlier studies (23, 38, 40) . For investigation of the role of Siah-1A in the mGluR-mediated AMPAR endocytosis, primary neurons were transfected with si-Siah-1A or si-control as described before. Subsequently, the mGluR-mediated AMPAR endocytosis assay was performed with identical protocol as described above.
Co-localization Assay-To investigate whether mGluR activation by R,S-DHPG leads to the endocytosis of synaptic AMPARs, synaptic GluA1 puncta were quantified by co-localization of surface GluA1 puncta and presynaptic Bassoon puncta. After live cell staining with the rabbit polyclonal antibody directed against the N terminus of the GluA1, subunit cells were either not treated (control) or treated with 100 M R,S-DHPG as described above. The cells were then fixed in 4% PFA on ice for 15 min without permeabilization and were incubated with goat anti-rabbit Alexa 568 secondary antibody for 1 h at 37°C. The cells were subsequently permeabilized in 0.1% Triton X-100 for 30 min at room temperature and were incubated with a monoclonal antibody against Bassoon for overnight at 4°C. After that, the cells were treated with goat anti-mouse Alexa 488 secondary antibody for Bassoon puncta visualization.
Immunoprecipitation and Western Blotting Analysis-To check for the ubiquitination profile of mGluR1 in the presence of PYR-41, HEK293T cells were transfected with FLAG-tagged mGluR1 (FLAG-mGluR1) and HA-tagged wild type ubiquitin. Subsequently, the cells were incubated in 50 M PYR-41 and 50 M MG-132 for 30 min followed by the application of 100 M R,S-DHPG for 5 min. To investigate the effect of Siah-1A knockdown on the ubiquitination of the receptor, subsequent to the co-transfection of FLAG-mGluR1 and HA-Ub, the cells were transfected with si-Siah-1A or si-control using the protocol described above. 3-4 days after transfection control cells, si-Siah-1A transfected cells and si-control transfected cells were treated with 100 M R,S-DHPG, and the ubiquitination profile of the receptor was checked by the procedure described below. To check whether K63RUb construct gets incorporated in mGluR1 upon 100 M R,S-DHPG application, the cells were co-transfected with FLAG-mGluR1 and with either wild type HA-Ub or HA-K63RUb. In all the above experiments, subsequently, the cells were placed on ice and lysed in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 20 mM N-ethylmaleimide, protease inhibitor mixture). Following lysis of the cells, immunoprecipitation was performed by overnight incubation with anti-FLAG M2 affinity beads (Sigma-Aldrich). Immunoprecipitates were run in SDS-PAGE followed by Western blotting analysis. For immunoblotting, anti-HA antibody was used to check for the ubiquitination profile of the receptor, and anti-FLAG antibody was used to check for the pulled down level of the receptor. Immunoblotting was performed using horseradish peroxidase-conjugated secondary antibodies, and blots were developed using the ECL Western detection kit (Amersham Biosciences). Image acquisition was done using ImageQuant LAS 4000.
Knockdown of endogenous Siah-1A was studied by transfecting primary neurons with either siRNA against Siah-1A (ON-TARGET plus SMARTpool) or scrambled siRNA (si-control) (Dharmacon, ThermoScientific). 72 h post-transfection, neurons were lysed in radioimmune precipitation assay lysis buffer having protease inhibitor mixture. The samples were
